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Background. Hepatitis C virus (HCV) has been reported to replicate in peripheral blood mononuclear cells (PBMCs), particularly in patients coinfected with HCV and human immunodeficiency virus (HIV). However, there are limited data regarding the prevalence of and the factors associated with extrahepatic replication.
Methods. The presence of negative-strand HCV RNA in PBMCs was evaluated by a strand-specific assay for 144 anti-HCV-positive/HIV-infected women enrolled in the Women's Interagency HIV Study. One to 5 PBMC samples obtained from each woman were tested. Multivariate analyses were used to assess for associations with the clinical and demographic characteristics of the women.
Results. Negative-strand HCV RNA was detected in 78 (25%) of 315 specimens, and, for 61 women (42%), у1 specimen was found to have positive results. The presence of negative-strand HCV RNA in PBMCs was significantly positively associated with an HCV RNA plasma level of у6.75 log copies/mL ( ) and con-P p .04 sumption of у7 alcoholic drinks per week ( ). It was also negatively associated with injection drug use P p .02 occurring in the past 6 months ( ). A negative association with a CD4 + CD38 + DR + cell percentage of 110% P p .03 and a positive association with acquired immunodeficiency syndrome were borderline significant ( ). P p .05 Conclusions. HCV replication in PBMCs is common among HIV-coinfected women and appears to be a dynamic process related to lifestyle, virologic, and immunologic factors.
Hepatitis C virus (HCV) is a positive-strand RNA virus that replicates through a negative-strand intermediary. Although hepatocytes are the primary sites for HCV replication, there is evidence of negative-strand HCV RNA in peripheral blood mononuclear cells (PBMCs), and the HCV genomic sequences present in PBMCs have been found to differ from those found in serum and the liver [1] [2] [3] [4] [5] [6] . HCV RNA has also been detected in PBMCs and hematopoietic progenitor cells by means of in situ hybridization [7] . The presence of HCV replication has been documented in lymph nodes from patients with AIDS [8] and, recently, also in lymph nodes from HIV-negative liver transplant recipients [9] . Importantly, the same minor quasi-species variants of HCV strain H77, which were selected in lymphoblastoid cells in vitro, were found to be replicating in vivo in the PBMCs of chimpanzees inoculated with the same parental strain [10] .
HCV is common among persons infected with HIV, because both pathogens share similar routes of transmission. In the United States and Europe, 13%-43% of HIV-infected persons are also infected with HCV [11] , and this proportion of persons with HIV/HCV coinfection is even higher among injection drug users. HIV coinfection has important implications for HCV infection. First, it is likely to facilitate the spread of HCV. Mothers who are coinfected with HIV and HCV have been reported to transmit HCV to their infants at a much higher rate than mothers infected with HCV only [12] [13] [14] . Similarly, horizontal, possibly sexual, transmission of HCV is more common among HIV/HCV-coinfected persons than among HCV-monoinfected persons [15] . Second, HIV accelerates the development of HCV-associated severe liver disease [16] [17] [18] [19] . Paradoxically, the reduction in mortality and morbidity among HIV-infected patients after the introduction of highly active antiretroviral therapy (HAART) may have contributed to the emergence of HCV as a significant pathogen in this population [20] .
There is emerging evidence that HIV facilitates HCV replication in vivo, not only in the liver but also at extrahepatic sites [8, [21] [22] [23] . However, the prevalence of this phenomenon and the factors associated with its occurrence need further investigation. We addressed these questions in a cohort study of anti-HCV-positive/HIV-infected women enrolled in the Women's Interagency HIV Study (WIHS).
PATIENTS AND METHODS

Patients.
The study included 144 anti-HCV-positive/HIV-infected women enrolled in the WIHS. The WIHS is a prospective, multicenter cohort study established in 1993 to conduct comprehensive investigations of the influence of HIV infection on women in the United States. Participants are seen every 6 months and undergo an extensive interview, physical and gynecologic examinations, and multiple laboratory evaluations. A detailed description of the WIHS has been published elsewhere [24] . Written, informed consent was obtained from all study participants, and human experimentation followed the guidelines of the US Department of Health and Human Services and the institutional review boards of the participating institutions.
Specimen processing and storage. For viral load measurement and cell and plasma storage, blood was collected in sodium citrate cell-preparation tubes (Vacutainer; Becton-Dickinson), which were either processed within 6 h or centrifuged at 1500 g and then were processed, as directed by the manufacturer, and subsequently stored at Ϫ80ЊC at a central repository (BBI Biotech Research Laboratories).
HIV RNA and HCV RNA load determination and HCV serologic testing. Plasma HIV RNA levels were measured using the NASBA/NucliSens HIV RNA assay (bioMérieux), in accordance with the recommendations of the manufacturer, in laboratories that participate in and are certified by the Virology Quality Assurance certification program of the National Institute of Allergy and Infectious Diseases, National Institutes of Health [20] . HCV RNA levels were measured using COBAS Amplicor Monitor 2.0 (Roche Diagnostics) with a linear range of 600-700,000 IU/mL. Because we anticipated that coinfected women would have HCV RNA levels that were higher than the upper limit of the assay, all samples were initially diluted 1:10. If the samples were found to be HCV RNA negative, they were retested in undiluted form by use of a qualitative Amplicor HCV assay, which has a lower limit of detection of 50 IU/mL (Roche Diagnostics); if samples were found to be HCV RNA positive, then they were retested in undiluted form by use of the quantitative assay. All specimens that were nonreactive according to both quantitative and qualitative polymerase chain reaction assays were considered to be HCV RNA negative. Results of HCV serologic tests were determined at study entry by use of the contemporary commercial HCV EIAs (Abbott EIA 2.0 and 3.0). In addition, all women with undetectable HCV RNA had their samples retested using HCV 3.0 EIA (Ortho Diagnostic).
Detection of negative-strand HCV RNA and HCV genotyping. PBMCs that were viably frozen were used in this study. RNA was extracted as described elsewhere [8] . The specificity of our real-time RT-PCR assay for the detection of negative-strand HCV RNA was ascertained by conducting cDNA synthesis at a high temperature with the thermostable enzyme Tth (Applied Biosystems). Descriptions of the Tth-based assay and its real-time modification have been published elsewhere [25, 26] . The strand-specific assay is capable of detecting ∼100 viral genomic eq/mL of the correct negative strand while nonspecifically detecting -viral genomic eq/mL of the in- 7 8 10 10 correct positive strand. Although the assay is quantitative over a wide range of template, the results were commonly close to the level of detection and, thus, were reported only as being either positive or negative. Amplification of positive-strand HCV RNA from PBMCs was not attempted as in our previous studies [8, 27] , as well as in studies conducted by others [6] ; positivestrand HCV RNA was found to be almost universally present among viremic patients and can represent nothing more than viral adsorption [2] . For women who were found to be viremic, the HCV genotype was determined using the NC Trugene HCV 5 NC genotyping kit (Bayer HealthCare), as recommended by the manufacturer and as described elsewhere [28] .
Immunofluorescence staining and flow cytometric analysis. Lymphocyte subsets were quantitated using frozen PBMCs. Flow cytometric analysis was performed using a FACSCalibur Flow Cytometer utilizing CELLQuest software (Becton Dickinson). Activation status was defined as simultaneous expression of CD38 and HLA-DR on CD4 + and CD8 + cells. Data analysis. To investigate the association of demographic, lifestyle, virologic, and immunologic characteristics with the presence of negative-strand HCV RNA (i.e., extrahepatic replication) in PBMCs, we analyzed data collected by structured interview and by laboratory testing, as described above. The independent variables that were evaluated at baseline included only race and education. The independent variables that were evaluated at each study visit included age, status as a current smoker, alcohol use, drug use, number of sex partners, AIDS diagnosis, HAART, and the laboratory variables described above. HAART was defined as (a) у2 nucleoside reverse-transcriptase inhibitors (NRTIs) in combination with у1 protease inhibitor (PI) or 1 nonnucleoside reverse-transcriptase inhibitor (NNRTI), (b) 1 NRTI in combination with у1 PI and у1 NNRTI, (c) a regimen containing ritonavir and saquinavir in combination with 1 NRTI and no NNRTIs, or (d) an abacaviror tenofovir-containing regimen of у3 NRTIs in the absence of both PIs and NRTIs, except for the 3 NRTI regimens consisting of abacavir + tenofovir + lamivudine or didanosine + tenofovir + lamivudine. Statistical procedures included logistic regression and Spearman rank correlation (SAS software; version 9; SAS Institute). For the logistic regression models, the dependent variable was the presence/absence of negative-strand HCV RNA. To account for the fact that data from multiple visits were evaluated for the same women, the regression models used generalized estimating equations with a logit link function (i.e., a logistic regression model) [29] . An exchangeable correlation matrix was specified. Because the unit of analysis was (40) 20 (42) 8 (17) a study visit, not a subject, differential degrees of follow-up among subjects would not affect the analysis of associations. The analytic approach further accounted for correlated outcomes, over study visits, within subjects. The association of each independent variable with the presence of negative-strand HCV RNA was first analyzed univariately and then was adjusted for the HCV RNA level. The subsequent multivariate model included independent variables with P values of !.10 after adjusting for HCV RNA level. Results are reported as odds ratios and 95% confidence intervals.
RESULTS
Characteristics at baseline. The demographic, lifestyle, and clinical characteristics at enrollment into the WIHS for the 144 anti-HCV-positive/HIV-infected women included in this analysis are presented in table 1. Seventy-four percent were 135 years of age at study entry. The majority of women were black (58%) or Hispanic (22%). More than one-half (56%) had exchanged sex for money, drugs, or shelter, and 66% had been involved with 110 sex partners. Almost one-quarter (23%) drank у7 alcoholic drinks per week, and 69% were current cigarette smokers. Ninety-one percent (91%) had a history of drug use, including injection drug use (IDU) (85%). Fiftyseven percent (57%) of the women had initiated antiretroviral therapy for HIV infection, but none were receiving HAART at the time of enrollment. One woman had received a diagnosis of AIDS. None of the women had been treated for their HCV infection.
Negative-strand HCV RNA in PBMCs. PBMC specimens obtained during the 315 WIHS visits made by the 144 women were tested for the presence of negative-strand HCV RNA. In 78 (25%) of the 315 specimens obtained, negative-strand HCV RNA was detected.
The number of visits evaluated per woman ranged from 1 to 5. For the 94 women who had samples tested at у2 visits, the interval between the first and last visits at which samples were tested ranged from 0.3 to 6.5 years (median, 1.0 year). Table 2 shows the number of visits at which negative-strand HCV RNA was detected in relation to the total number of visits at which samples were tested per women. Negative-strand HCV RNA was detected in у1 specimen obtained from 61 (42%) of the 144 women. Of the 94 women (65%) who had specimens tested at у1 visit, 14 (15%) had negative-strand HCV RNA repeatedly detected.
Seven specimens obtained from 7 different women had positive test results despite the women having had an undetectable HCV RNA level in plasma. Six of these women had evaluations performed at 2-4 visits; at all visits, HCV RNA was not detectable in plasma, and at only 1 visit was negative-strand HCV RNA detectable in PBMCs. The seventh woman had evaluations performed at 4 visits. At 3 visits, HCV RNA was detectable in plasma, and, at 2 of these 3 visits, negative-strand HCV RNA was detectable in PBMCs. At a fourth visit, no HCV RNA was detectable in plasma, but negative-strand HCV RNA was detectable in PBMCs.
Univariate analysis of factors associated with negative-strand HCV RNA in PBMCs. The associations of negative-strand HCV RNA in PBMCs with demographic, lifestyle, virologic, clinical, and immunologic characteristics were initially investigated univariately and after adjustment for HCV RNA (table  3) . Negative-strand HCV RNA detection was positively associated with alcohol use and negatively associated with a high level of the CD8 activation marker CD8 + CD38 + DR + . Figure 1 illustrates the association between negative-strand HCV RNA in PBMCs and plasma HIV RNA and HCV RNA loads. Although no association with HIV load is apparent, HCV replication in PBMCs is progressively more common at higher plasma HCV RNA loads. Parenthetically, there was no correlation between plasma levels of HCV and HIV RNA (Spearman correlation coefficient, ; ). Ϫ.009 P p .87 Multivariate analysis of factors associated with negativestrand HCV RNA in PBMCs. The association between the pres- ence of negative-strand HCV RNA and the factors that were found to be marginally significant ( ) in the univariate P ! .10 analyses adjusted for HCV RNA level were further evaluated in a multivariate logistic regression model that was adjusted for each of these parameters. The model included age, education, alcohol use, IDU in the past 6 months, plasma HCV RNA load, AIDS diagnosis, and the percentage of CD4 + CD38 + DR + and CD8 + CD38 + DR cells. Only alcohol use (у7 drinks/week) and the plasma HCV RNA level (у6.75 log copies/mL) had significant positive associations with the presence of negativestrand HCV RNA (table 4), and IDU in the past six months had a significant negative association. The association with di- Figure 1 . Presence of negative-strand hepatitis C virus (HCV) RNA in 315 peripheral blood mononuclear cell samples obtained from anti-HCVpositive/HIV-infected women, in relation to plasma levels of HIV and HCV RNA. Filled circles, samples that were positive for negative-strand HCV RNA; open circles, samples that were negative for negative-strand HCV RNA. The 7 filled circles denoting an HCV RNA load of 0 log copies/mL are partly obscured; HIV RNA loads are 1.9, 2.7, 2.9, 3.8, 3.9, 4.6, and 4.9 log copies/mL. 
DISCUSSION
This is the largest report to date demonstrating that extrahepatic replication of HCV in PBMCs is frequent among HIVinfected women. More than 40% of women in our study had negative-strand HCV RNA detectable at some time during follow-up, but replication in PBMCs was not constant among women evaluated at multiple visits that spanned from 0.3 to 6.5 years. We found that high HCV RNA levels, an AIDS diagnosis, and alcohol consumption were predictors of HCV replication in PBMCs. On the other hand, recent IDU and an increased percentage of the activation marker CD4 + CD38 + DR + cells were negatively associated with HCV replication in PBMCs.
The association between the presence of negative-strand HCV RNA in PBMCs and the plasma HCV RNA load might reflect the overall high replication fitness of viral strain(s) present in a particular host. Furthermore, high viral turnover might facilitate the development of mutations, some of which may be advantageous to colonization of different cells. Such changes could be relatively minor. For example, it has been demonstrated for lymphocytic choriomeningitis virus that strains differing by a single amino acid substitution, when inoculated together into a mouse, are competitively selected either by the liver and spleen or by neurons [30] . Although the extent of changes necessary for successful colonization of extrahepatic sites by HCV is unclear, it is intriguing that many sequences identified at sites other than the liver share common mutations [27, [31] [32] [33] [34] [35] . This association with viral load is unlikely to be the result of nonspecific detection of the positive strand because the strand specificity of our assays was ∼7-8 logs and because PBMC pellets were extensively washed after separation, reducing any contamination by circulating virions.
There was also a statistically significant association between extrahepatic replication and alcohol use: women who had у7 drinks per week were 3 times more likely to have negative-strand HCV RNA present in their PBMCs than were their nondrinking counterparts. This phenomenon could represent the well-known immunosuppressive effect of alcohol [36] . However, there is also evidence that interactions between alcohol and HCV infection are more complex, as is suggested by the cumulative effect of both on progression of liver disease [37] .
Because all of the women in the present cohort were infected with HIV, we could not evaluate the influence that HIV status by itself might have on extrahepatic replication of HCV in PBMCs. However, we did investigate whether there was an association with the plasma HIV RNA level, and we found none. The mechanisms by which HIV could enhance extrahepatic HCV infection are still speculative, with one possibility being that this effect is related to general immunosuppression. Accordingly, in one small study, negative-strand viral RNA was more common in PBMC samples obtained from patients after liver transplantation than in those obtained from patients be-fore liver transplantation [38] , and HCV replication was enhanced by the presence of immunodeficiency in a mouse model [39] . It has also been reported that removal of CD8 + T cells results in increased HCV replication in PBMC cultures, which suggests that the adaptive immune system does exert some level of control over extrahepatic replication [40] . We found only a marginal positive association with AIDS diagnosis, and neither in this study nor in 2 previous studies was extrahepatic replication associated with a low CD4 + cell count [8, 23] . Although previous studies have shown that coinfection with HIV may facilitate HCV replication in vitro, either by rendering cells more susceptible to HCV infection or by increasing HCV replication [26] , we found no association of HCV replication in PBMCs with either the HIV RNA level or receipt of HAART. Because we found no correlation between plasma HIV RNA and HCV RNA levels, no correlation would be expected at the extrahepatic sites. The absence of a correlation between HIV load and the presence of extrahepatic replication would mitigate against a significant direct effect of HIV in vivo. However, the HIV RNA load in PBMCs, which would be more relevant than that in plasma, was not evaluated in this study.
Negative-strand HCV RNA was detected in PBMC samples obtained from 42% of women evaluated in this study, which is similar to the detection rate of 36% found in a previous smaller study [8] , as well as the rates of 32% and 55% noted among HCV-monoinfected and HIV/HCV-coinfected women, respectively, as recently reported by Blackard et al. [23] . This number was likely to be influenced by repeated testing, as well as by the high overall prevalence of a history of IDU (85%) among the women in our study. IDU has been reported to be a risk factor for extrahepatic replication, possibly because of associated immunosuppression or repeated exposure to HCV [41] .
Superinfection with a new HCV strain leading to an "overtake phenomenon," in which the original strains are supplanted by the new strain, is a well-recognized phenomenon among high-risk patients, including persons with hemophilia [42] , active injection drug users [43] , and blood transfusion [44] and liver transplant recipients [45] . A recent report supports the role of superinfection in extrahepatic colonization, finding that HCV sequence differences between plasma and PBMC compartments were 3 times higher in multiply than in singly transfused patients and were twice as high in injection drug users than in patients infected through an unknown source [5] . Although there was a trend toward a higher prevalence of HCV replication in PBMCs among women with a history of IDU, this difference was not significant either by univariate analysis ( ) or after adjustment for the HCV RNA level ( P p .28 P p ), perhaps because of the small number of women with no .32 history of IDU (15% of women at baseline). The significant negative association of HCV replication in PBMCs with recent IDU (i.e., in the past 6 months, as evaluated at each study visit) is puzzling in view of previous reports that found a positive association with a history of IDU. Perhaps immune activation, which may be common in active IDUs, is protective with respect to extrahepatic replication. This is consistent with our observation that an increase in the percentage of activated CD4 + cells (CD38 + DR + ) was associated with protection against HCV replication in PBMCs. The latter may seem contradictory to reports that pokeweed and phytohemagglutinin mitogens enhance HCV replication in PBMC cultures [27, 46] . However, such in vitro activation by mitogens results in massive cytokine secretion and cell proliferation and might not necessarily reflect events in vivo. Thus, extrahepatic replication may be a highly dynamic process influenced by many factors, including current IDU and alcohol use and changing immune activation status. Such multiple and interacting factors could be the reason for the inconsistent presence of negative-strand HCV RNA in samples collected from the same women for up to 6.5 years. However, detection of negative-strand HCV RNA is also expected to be influenced by the typical low HCV RNA load noted at extrahepatic sites and the limited sensitivity of strand-specific assays [47] .
The consequences of extrahepatic replication of HCV remain unclear. In one report, HCV RNA was found in the livers of 57% of patients who had chronic liver disease of unclear etiology [48] and were negative for both anti-HCV and HCV RNA in serum. Of these patients, 84% had negative-strand HCV RNA detectable in the liver and 70% had HCV RNA detectable in PBMCs. Persistence of low-level extrahepatic replication may be common after spontaneous and treatmentinduced resolution of infection [46, 47] , and, in our study, 7 women had detectable HCV replication in PBMCs despite having undetectable HCV RNA in plasma. It is unclear whether persistence of virus at extrahepatic sites could be responsible for treatment failures, which are particularly common among HIV-positive patients. Interestingly, in a recently published case report, an HCV-infected patient cleared the infection and subsequently experienced viral reactivation twice over 8.5 years. Throughout that time, the infecting viral strain remained virtually identical [49] . Interestingly, in a recent study, Di Liberto et al. [6] found that the presence of compartmentalization in PBMCs was strongly predictive of sustained virologic response. The reasons for this phenomenon remain unclear.
In summary, our study revealed a high prevalence of HCV replication in PBMCs obtained from a large cohort of HIVpositive women. A high HCV RNA load in plasma, an AIDS diagnosis, and alcohol use were positively associated with an increased prevalence of extrahepatic replication, whereas an increase in the percentage of CD4 + CD38 + DR + cells and recent IDU were associated with lower prevalence. The mechanisms for these associations, as well as their clinical implications, require further investigation.
